For offshore wind turbines (OWTs) located in relatively shallow water, the design is influenced by the occurrence of breaking waves. The strongly nonlinear properties associated with the wave breaking process result in challenges in modelling their impact loads on the structures. The total impact loads are normally calculated as the sum of a slowly varying quasi-static load and an impulsive slamming load. The quasi-static load is normally calculated using Morison's equation and the slamming load is approximated by the Goda model or the Wienke-Oumeraci model. Given the dynamic properties of OWTs, structural resonances might be excited by the impulsive slamming load. Therefore, there is a clear need to evaluate the response effect excited by the slamming load. In this paper, the response of a vertical pile subjected to a severe breaking wave case is investigated by a combination of data from a largescale experiment and numerical simulations. The slowly varying quasi-static load obtained in a non-breaking wave packet is modelled using Morison's equation with the wave kinematics obtained from a fully nonlinear potential flow solver OceanWave3D. The governing parameters used in a slamming load model are estimated using the Monte Carlo method and verified by comparing the experimental data with the numerical simulation results. It is found that the slamming coefficient and the curling factor are close to the values found by the Wienke-Oumeraci model, however the impact duration is significantly larger than the values found by the Goda model and the Wienke-Oumeraci model, which is important for the assessment of the dynamic responses of OWTs.
Introduction
For the design of offshore wind turbines (OWTs), aero-hydro-elastic simulations should be performed to evaluate the structural integrity during its lifetime. Morison's equation has been widely used to calculate the wave forces acting on the substructure if it is composed of slender cylindrical members. However, some offshore wind turbines are installed in relatively shallow water regions and in risk of being subjected to breaking waves. Plunging breakers are highly important as they are associated with high impact loads influencing the design loads significantly.
It is challenging to model breaking waves and their associated impact loads because the breaking process is a nonlinear phenomenon with significant variability. Basically, a wave starts breaking when it becomes steep enough such the water particle velocity near the wave surface exceeds the wave celerity. During the breaking process, a large amount of energy in a wave starts to dissipate resulting in an impulsive load also referred to as the slamming load. Wave breaking in a realistic ocean environment has large variability in breaking wave conditions, which are determined by the site-specific conditions such as bathymetry, current and wind. Several Goda (1974) and Battjes (2000) are reported in [1] . The standard IEC 61400-3 [2] suggests using the Battjes limit for the design.
The impact loads induced by breaking waves are also difficult to estimate as the physical process is complicated with air-wave, wave-structure and wave-seabed interactions. To date, several laboratory experimental studies of slamming load on vertical and inclined cylindrical structures have been carried out showing significant variations with respect to the force intensity, the force time history and the impact duration [3] [4][5] [6] . In addition, a large number of Computational Fluid Dynamics (CFD) studies have been performed on this topic. Bredmose et al. used a 3D CFD model to compute the extreme wave loads on a monopile foundation from breaking waves using focused wave groups and compared them to the loads estimated from Morison's equation [7] . Kamath et al. used the program REEF3D, developed at NTNU, to simulate plunging wave forces on a vertical cylinder and compared them against the experimental data and investigate the effect of breaker location on the impact loads [8] . Choi et al. used CFD to study the effects of impact loads on vertical and inclined piles by taking structural vibrations into consideration [9] . Nevertheless, application of CFD to engineering design within the industry is limited due to its complexity and computational requirements.
Engineering models for calculating the impact loads from breaking waves are important for industrial use. The total impact loads are normally divided into a slowly varying quasi-static load and an impulsive slamming load. The quasi-static load is normally calculated using Morison's equation. The easiest way for estimating the slamming load is to modify the drag coefficient in Morison's equation, however, it is not widely used as the impact duration of the slamming load is significantly different from the slowly varying part calculated by Morison's equation. Alternative engineering models have been proposed by different researchers. Among these, the Goda model [3] and the Wienke-Oumeraci model [4] have been widely used in the industry due to their simplicities. Goda [4] . An engineering model proposed recently by Hansen et al. [10] uses wave surface elevation to calculate the slamming loads from breaking waves rather than the wave celerity used in [3] [4] . The latest model from Burmester et al. is similar to the Wienke-Oumeraci model [5] .
Previous studies [3] [4] [5] [10] revealed significant uncertainties on modelling slamming loads from breaking waves, especially on the load intensity. However, there is a lack of understanding its effect on the structural dynamic response. Given the dynamic properties of an OWT, the temporal development of the slamming force (force shape) must be accounted. Therefore, there is a clear need to describe the slamming loads from the aspect of equivalent structural response. In this paper, the response of a vertical pile subjected to a severe breaking wave case is investigated by a combination of large scale experimental data and numerical simulations. The slowly varying quasi-static load obtained from a non-breaking wave packet is verified by using Morison's equation with the wave kinematics obtained from the fully nonlinear potential flow solver, OceanWave3D [12] . The governing parameters used in a slamming load model are estimated using the Monte Carlo method and verified by comparing the measured data with the numerical simulation results. It is found that the slamming coefficient and the curling factor are close to the values established by Wienke-Oumeraci, however, the impact duration is significantly larger than the values found by the Goda model and the Wienke-Oumeraci model, which is important for the assessment of the dynamic responses of OWTs. 
Methodology
As shown in Figure 1 , most of the existing engineering slamming load models are based on the assumptions that the breaker front is vertical over the height λ · η b and hits the structure simultaneously with a constant wave celerity C. The height of the impact area is described as λ · η b where λ is called curling factor and η b is the wave elevation. Thus, the slamming load is calculated as the integration of the in-line force acting on the impact area. It demonstrates that the slamming loads are mainly governed by three factors: the area of impact, the in-line force intensity and the impact duration. It should be noted that the spatial and temporal shapes of the force are assumed as a uniform distribution and a triangular time history, respectively. Thus, the breaking wave slamming load model is written in this format:
Equation 1 is governed by three parameters: the slamming coefficient C s , the curling factor λ and the time duration T , which reflect the in-line force intensity, the impact area and the impact duration respectively. Besides, η b , ρ, R and t are wave elevation, water density, pile radius and time point respectively. Previous studies mainly focus on the force magnitude showing significant variabilities on the slamming coefficient C s . The objective of this study is to obtain the temporal development of the slamming force which is able to excite the equivalent structural response. The governing parameters are tuned by a combination of data from a large-scale experiment and numerical simulations performed using the Monte Carlo method as shown in Figure 2 .
Experiment set up
The experiment campaign was carried out by Irschik [6] using the Large Wave Flume (GWK) of the Coastal Research Center in Hannover, Germany. The wave channel is 309 m long, 5 m wide and 7 m high with a 23 m long 1:10 slope reaching a height of 2.3 m, which is placed 180 m from the wavemaker. One of the test piles is a vertical cylinder with diameter of 0.7 m and length of 5 m, which was installed at the edge of the slope. The experimental set up is shown in Figure 3 . The cylinder was mounted on a transverse structure crossing the flume and the total horizontal response forces were measured by two force transducers located at the top and at the bottom of the pile. The free surface elevations at different locations in the wave tank were measured using wave gauges, but only the measured elevation at the pile location is used in this study. It should The experiment was originally carried out for investigation of vertical and inclined piles subjected to different wave breaking scenarios. Therefore, a number of wave tests were performed for regular wave conditions. In this study, only a severe breaking wave scenario is discussed as listed in Table 1 , because it is the main design driver for the engineering design. The same wave case has been used by [8] [9] [11] to validate their CFD models. As shown in Figure 4 , this wave 5 test consists of multiple similar wave packets. Both non-breaking cases and breaking cases were present in the wave test. Whether structural vibrations are shown in a force measurement is used to detect whether a wave is breaking or not as shown in Figure 4 . 
Numerical simulation tools 4.1. OceanWave3D
The breaking wave impact loads are divided into two loads: the quasi-static load and the slamming load. Therefore, underestimation or overestimation of the quasi-static load results in opposite estimation of the slamming load. In order to validate the slowly varying quasi-static load, wave kinematics are obtained in order to use Morison's equation. The commonly used weakly nonlinear stream function wave theory is not capable to model a highly nonlinear wave [5] . A validated fully nonlinear potential flow solver OceanWave3D [12] is used in this paper, which is able to simulate fully nonlinear waves in a relatively rough domain with fast speed. The numerical domain is smaller than the experimental tank size as shown in Figure 5 and the stream function wave is applied in the wave generation zone to speed up the simulation. 
HAWC2
The structural responses are simulated using DTU Wind Energy's developed aero-hydro-elastic code HAWC2 [13] [14] , which is based on a multibody formulation with a floating frame. HAWC2 uses Morison's equation to calculate the quasi-static load and the slamming load model has been implemented recently. Morison's equation is calculated as the sum of three force terms: the Froude-Krylov force, the water added mass and the drag force. The formulation for flooded members is written as Equation 2:
C d and C a are drag and added mass coefficients, both values are chosen as 1.0 because the Keulegan Carpenter number is less than 10. u is the water particle velocity, u rel andu rel represent the relative velocity and acceleration respectively. ρ is the water density and D is the diameter of slender piles. A and A i are the total and the inner reference cross sectional areas.
The vertical pile is modelled as beam elements in HAWC2 with material properties listed in Figure 6 . The force transducers at the top and at the bottom of the pile are modelled as a spring damper system. The structural motion is constrained in the vertical direction and free in other directions. The model in HAWC2 should be dynamically equivalent with the experimental system. The first natural frequency and the damping ratio have been measured from the experiments at around 19 Hz and 0.05 respectively, which are set in the model by tuning the spring-damper system parameters. 
Verification of the HAWC2 model
Verification of the HAWC2 model is carried out using a free decay test. A small initial displacement at the pile top results in a free decay response matching the pre-determined natural frequency and damping ratio as shown in Figure 7 . 
Non-breaking wave
Several non-breaking waves are identified in the wave test as the force experiments do not show any structural vibration. The non-breaking wave before the first breaking wave case is found to have similar wave shape to breaking waves as shown in Figure 4 . The non-breaking wave results in only the slowly varying load, which is used to validate the numerical simulation results from HAWC2 based on Morison's equation.
Wave generation is done using OceanWave3D and the wave surface elevation and the wave kinematics data are obtained at the pile location. Then, the extracted wave kinematics data are used in HAWC2 to simulate the response forces at the top and bottom force transducers respectively. The measured wave surface elevation is compared with the OceanWave3D simulation results and the measured quasi-static forces from the non-breaking wave are compared with HAWC2 simulation results. Figure 8 shows that the wave elevation simulated by OceanWave3D agrees well with the experimental data. Details around the trough are not fully captured because the high frequency wave components are damped out when using OceanWave3D. Figure 9 shows comparison for forces at the pile top and bottom, respectively. The simulated responses are in good agreement with the experimental data. However, the secondary load cycle is not shown in the simulation results. It is in agreement with previous findings, which show that the secondary load cycle is caused by the fluid motion at the downstream side of the cylinder [15] . This complicated process is not accounted for within the simple Morison's equation.
Breaking wave 5.3.1. Decomposition of slamming load response
The time histories of measured forces for breaking waves show significant structural vibrations, which are excited by the slamming loads. The difference between the measured force caused by a breaking wave and the time history of measured force caused by a non-breaking wave results in the dynamic response for the slamming loads as shown in Figure 10 
Monte Carlo samplings
Parameters are sampled using the Monte Carlo method, where a uniform probability distribution of the parameters is assumed as shown in Table 2 . 5000 random combinations of the three parameters are picked as the input for HAWC2 simulations. The fitted decay curves after the peak response hit by a breaking wave for the simulated results and experimental data are In this paper, the parameters are tuned to reproduce the equivalent slamming response with the measurements. The difference between simulated and measured slamming response are represented by comparing the decay curves using the root mean square error (RMSE). Among the 5000 simulations, 100 combinations of the three parameters which give smallest RMSE are selected as the estimated parameters. The mean values of these estimated parameters are substituted into the slamming load model in HAWC2 to simulate their responses. The comparison between measurements and simulation results shows a good agreement for the peak values as shown in Figure 12 . 
Identified parameters
Ten valid breaking wave packets are identified from the experimental data. The estimated parameters show significant variability from wave to wave as shown in Figure 13 , which is consistent with previous findings [4] [5] [10] . Even though variability exists, the slamming coefficient C s and the curling factor λ are found similar to the values proposed by the Wienke-Oumeraci model. Nevertheless, the slamming impact duration T is significantly larger than the value found by the Goda model and the Wienke-Oumeraci model. This finding is also reported recently by the project WIFI in the Netherlands [5] . The statistics for the first eight breaking waves are listed in Table 3 . Note that the last two breaking cases give results far away from the mean values. 6. Discussion 6.1. Importance of impact duration Even though the estimated impact duration shows quite significant variability, it's still valid to state that both the Goda model and the Wienke-Oumeraci model significantly underestimate the impact duration of the slamming loads induced by breaking waves. From classic structural dynamic theory [16] , it is known that the dynamic amplification factor (DAF) of a single degree of freedom system subjected to triangle loads is decided by the time ratio between impact duration and system natural period. A monopile supported OWT can be modelled as a single degree of freedom system, and its first natural period is relatively larger than the slamming load impact duration. Therefore, a fair estimation of the impact duration is critical to understand the dynamic effects of the slamming loads on design loads as shown in Figure 14 . Basically, for OWTs located in areas where breaking waves are present, a flexible structure is recommended to eliminate the dynamic amplification from slamming loads.
Uncertainty discussion
Determination of the wave celerity is crucial for a proper estimation of the wave slamming load as it decides the load intensity as well as the impact duration. However, the uncertainty determining the wave celerity is still high as it is not straightforward to calibrate from measurements. Three approaches are normally used to calculate the wave celerity. L T is used if the recorded or calculated wave length L and wave period T exist. In case of absence of the information, the water particle velocity at the crest of a breaking point can be used as it is found identical to the wave celerity [6] . The linear or nonlinear dispersion relation can also be used to calculate the wave celerity.
Uncertainties always exist in measurement campaigns due to installation uncertainty, measurement device errors, human factors and so on. The case here is also faced with these uncertainties. In order to minimize the uncertainties, more test cases should be performed to Figure 14 . Dynamic amplification factor in the relation with time ratio. The x axis is the time ratio between impact load duration and natural period of the dynamic system, the y axis is the ratio of maximum dynamic response over maximum static response [16] guarantee its reliability from the aspect of statistics. The measurement sampling frequency 200Hz is relatively low compared with the high structural frequency around 19Hz.
Even though uncertainties exist in several aspects, the influence is considered as marginal because the repeated wave tests show similar trends. The findings of the governing parameters in this paper will not differ too much even if these uncertainties were dealt with.
Conclusions
This paper investigates the governing parameters of a slamming load model by combining large scale experimental data with numerical simulation results performed using the Monte Carlo method. The fully nonlinear potential flow solver OceanWave3D is used, which is able to reproduce the experimental data. The wave surface elevation simulated from OceanWave3D is in good agreement with the measured surface elevation. The wave kinematics extracted from OceanWave3D is used in HAWC2 for simulating the quasi-static load of a non-breaking wave based on Morison's equation. The simulation results for a non-breaking wave are validated against the experimental data. For breaking waves, 5000 random samplings of the three governing parameters using Monte Carlo method are simulated in HAWC2 to estimate the suitable parameters. It is concluded that the slamming coefficient C s and the curling factor λ are close to the values proposed by the Wienke-Oumeraci model. However, either the Goda model or the Wienke-Oumeraci model underestimate the impact duration. The effect of impact duration on dynamic amplification for OWTs is discussed and it can be concluded that it is critical for the assessment of the dynamic responses of OWTs. Further experiment using a flexible pile with realistic dynamic properties (natural frequency, mode shape etc.) similar to a real OWT would be useful to investigate whether the dynamic response is significant or not. Besides, only well controlled regular wave is studied here which cannot represent the highly nonlinear irregular wave in the open sea. Therefore, the results from this study might be limited for predicting the slamming force in the open sea.
